To explore the potentials of microcirculatory assessments for predicting outcome of patients treated with extra corporeal membrane oxygenation for cardiogenic shock. METHODS: Eight patients with acute cardiogenic shock treated with ECMO and eight healthy controls were examined with skin vital microscopy and laser Doppler perfusion measurements. RESULTS: Three patients died on ECMO (group 1). Five patients were successfully weaned off ECMO (group 2). Four patients were discharged from hospital and one died after successful weaning from bleeding complications. Patients surviving ECMO (group 2) had microcirculatory findings comparable with healthy controls. Patients in group 1 showed major skin microvascular pathology: pericapillary bleedings (n = 1), pericapillary dark haloes (n = 2) and capillary micro thrombi (n = 1). As compared with survivors they had lower functional capillary density (FCD) (n = 3), higher heterogeneity of functional capillary density (n = 3) and significantly reduced capillary mean flow-categorical velocity (n = 2). Laser Doppler measurements in group 1 had non-significant lower laser Doppler flux values as compared with survivors and controls. CONCLUSION: Skin microvascular pathology as detected with video microscopy (pericapillary bleedings or haloes, microthrombi/capillaries with "no flow", low FCD with high spatial distribution heterogeneity or low mean flow-categorial velocity) seems to be associated with poor prognosis.
Introduction
Acute cardiac pump failure compromises central hemodynamics and consequently microvascular perfusion throughout the body and the mortality rate varies from 50 to 80 percent [16] . Veno-arterial extra-corporeal membrane oxygenation (va-ECMO) may be used as a bridge to recovery or to other 120
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destination therapy. Only approximately one-third of adult patients treated on ECMO for cardiogenic shock survive [5, 19] . Mortality is most often caused by sepsis, multi organ failure or bleeding complications. ECMO treatment is resource demanding and in a recent editorial Hermansen et al. state that: "The assumption that improved technological solutions and hemodynamics translates into improved survival may not be completely valid" [15] .
To survive and function, cells are dependent on oxygen supply and nutrition supplied by the microcirculation. Several non-invasive microvascular techniques have been developed and improved for clinical use during the last decades and different vascular beds response to physiologic/pathologic conditions have been examined [4, 13, 14, 29] . Even though microcirculatory targets may represent the most important endpoints to optimize therapy of circulatory shock, microvascular examinations are hardly used routinely in any clinical discipline [24] .
The present study was undertaken in a medium sized cardiac surgical unit. We examined skin microvascular morphology and perfusion in patients treated with ECMO following acute cardiac pump failure. The hypothesis was that demonstration of microvascular pathology soon after establishment of ECMO, imply reduced chance of survival.
Patients and methods

Patients
Over a period of two years, patients treated with ECMO for cardiogenic shock in our medium sized cardiac surgical unit (approximately 550 open heart operations per year) were candidates for inclusion. Eight consecutive patients (E1-E8), two females and six males; median age 59 years (range 27-78), were included. No patients were excluded from the study. Four patients (E4-E7) were in a state of cardiogenic shock before reaching the operating theatre: one secondary to massive pulmonary embolism with ongoing mechanical cardiac compression (E4), one with massive myocardial infarction (MI) (E5), one with acute MI and complication to percutaneous coronary intervention (PCI) (E6) and finally one with endocarditis (E7). The remaining four patients suffered from post cardiotomy cardiogenic shock. Eight healthy, non-smoking male students (21-29 years old) served as controls.
Extra-corporeal membrane oxygenation (ECMO)
Arterial cannulation was performed in the groin in seven patients, in two of them via an end to side Dacron graft. One patient had arterial cannulation via the right subclavian artery. Seven patients had vein drainage via the femoral vein and one via the right atrium. The ECMO-circuit consisted of a centrifugal pump (Medtronics Incorporated, Minneapolis, Minnesota, USA), a heparin coated membrane oxygenator and tubes (Maquet Cardiovascular 72145 Hirrlingen, Germany). After establishing ECMO, all patients were initially treated with a flow of at least 4.0 l/min. Maintenance therapy on ECMO was guided by a standard protocol for the unit [33] . Weaning from ECMO was guided by trans-oesophageal ECCO Doppler in addition to clinical parameters.
Microvascular techniques
Skin microcirculation was evaluated with video microscopic measurements in eight patients and Laser Doppler measurements in six.
Computer assisted video microscopy (CAVM)
This technique involves a hand-held video-microscope applied gently on the surface of the region of interest (ROI). Immersion oil is used. Pictures or film sequences are projected and stored on a computer. For the first patient, E1, a less advanced microscope, with a 1.3 megapixel CCD, (ProScan, Bodelin technologies, OR, USA), magnifying 200 times was used. With this microscope pericapillary pathology, functional capillary density (FCD) and heterogeneity could be evaluated, but not capillary flow patterns. The remaining patients (E2-E8) were examined with another microscope (Microvision 2100, Finlay Microvision Co. Ltd., Warwickshire, UK) with higher resolution and a 500 times magnifying lens. An analogue to digital converter (Canopus, Kobe, Japan) was used to project and store the film sequences on a Mac Book pro, using the software iMovie (both Apple, Cupertino, USA).
To study pericapillary pathology, functional capillary density (FCD), heterogeneity of FCD and microvascular flow patterns in a ROI, the first five captured film sequences with adequate quality were used. A grid with four equally sized rectangles was made to facilitate visual analysis [2] . The software Xscope (the Iconfactory, Greensboro, North Carolina, USA) was used for creating the grids. Adequate film quality was defined as focused capillaries in all four quadrants of the frame and sequence duration of at least ten seconds. FCD was defined as the mean number of visible capillaries per square millimetre. Heterogeneity of FCD was expressed as the coefficient of variation (CoV = SD/mean) of the density of capillaries in each of the four rectangles in the five film sequences (n = 20).
For analysis of flow velocity, each capillary of the five film sequences were visually scored into one of five groups from "no flow" (Category 0) to "brisk flow" (Category 4), and expressed in fractions (Fr = number of capillaries in each category/total number of capillaries) [32] . Based on the fractions of capillaries in each flow category, mean flow-categorial velocity was calculated in the following way:
Mean flow-categorical velocity = {Fr
Laser doppler perfusion measurements (LDPM)
LDPM is a technique for quantification of microvascular perfusion. The output of the technique is given in a semi-quantitative scale of flux, defined as the product of number of moving blood cells and their mean velocity in the measured volume (<1 mm 3 ) [34] . A Moor Blood Flow Monitor (MBF 3D) for perfusion measurements with Moorsoft (both Moor instruments, Axminster, Devon, England) was used for recording and analysis. Flux in a ROI was given as the mean value of seven consecutive measurements of a ten-second duration [26] .
Measuring procedure
The first microvascular examinations were performed as soon as possible, usually within 24 hours after establishing ECMO, Fig. 1 . The second measurement was performed on day 3 when possible. E4 was examined twice with an interval of only two hours before the ECMO was turned off due to ceased cerebral blood flow. Four survivors (Group 2) were controlled 18-65 days after weaning off ECMO. E3 was examined seven times. The skin on the dorsum of the hand, between the first and second metacarpus was examined by CAVM in all patients. From patient 3 and onwards we also assessed the skin perfusion of the medial side of the right foot, with the ROI being located one third of the distance on an imaginary line from the medial malleolus to the caput of the first metatarsus. In the patient with pericapillary bleedings (E1), additional skin areas, such as over arm, thigh, chest, and face were also examined. Six patients were measured by LDPM. Patient E1 was only measured in dorsum of the hand. From patient 4 and onwards LDPM was measured on the foot as well. CAVM and Laser Doppler measurements were performed in both locations in all controls. At the time of microvascular measurements, the corresponding central hemodynamic parameters, results from blood tests and clinical parameters were noted.
Ethical considerations
The decision to establish ECMO was taken by the responsible surgeon on clinical grounds solely. All microvascular measurements were non-invasive, and performed only after approval from the responsible surgeon and anesthesiologist. No results of microvascular findings influenced maintenance therapy on ECMO.
Since patients on ECMO could not give an informed consent, next of kin, when available, consented to the microvascular assessments. Long-term survivors (n = 3) gave their consent to follow-up measurements and to publication of their data. The Regional ethics committee has approved publication of data from all eight patients.
Statistics
Data are presented as means with range. The coefficient of variation (CoV) was used as a parameter for heterogeneity of functional capillary density. For comparing results between outcome groups, independent t-test was used.
Results
Clinical information and outcome
An overview of clinical information of the individual patients, laboratory data, and performed examinations is given in Tables 1, 2 The patients were grouped according to clinical outcome into two groups: patients dying on ECMO (Group 1) and patients surviving ECMO (Group 2). Mean age for group 1 was 44 years, for group 2 it was 58 years. Both sexes were present in each group. In group 2, one patient had a recovery of heart function and a maintained cerebral function but died from bleeding complications in the intensive care unit.
Of the remaining four patients in group 2, one patient (E3) was transferred to another hospital where he died from multi organ failure on day 51 after establishing ECMO. The remaining three were still alive and out of institutions two years after the ECMO treatment.
Clinical measurements
White blood cell count, during the first microvascular measurements, was lower among survivors as compared with non-survivors, table 2. had any visible pericapillary bleedings. Patients E2 and E4 had circular dark haloes at a distance of 12 ± 1 microns around some skin capillaries (65% in E2 and in 14% in E4), see Fig. 2(b) .
Functional capillary density (FCD).
The three patients dying on ECMO had significantly lower FCD in the dorsum of the hand compared with patients surviving ECMO (p = 0.002), Fig. 3(b) . No difference in FCD was seen between patients in group 2 and the controls (p = 0.24). From patient E3 onwards, measurements were also performed on the medial side of foot (n = 6). In this location the patients had an FCD of 66.2 (range 55.6-75.8) capillaries/mm 2 , similar to mean FCD of the hand in patients surviving ECMO (70.8 capillaries/mm 2 ) and controls (65.5 capillaries/mm 2 ), as well as in the foot of controls (66.2 capillaries/mm 2 ). Since only one patient in group 1 (E4) was measured on the foot, no further analysis was done on data from this location. Still, E4 had the lowest FCD and the highest CoV of FCD of the measured patients in this location.
The second measurements of FCD in the hand gave values similar to the first measurements. Final follow-up measurements of four patients in group 2 (patient E5 had already died) were performed 18-65 days after weaning off ECMO, Figs. 1 and 3 . One patient showed a reduced FCD on final assessment (E3, see later), while the rest of the survivors had a mean FCD of 65.5 (range 56.9-76.5) on final assessment, values in the same range as their first measurement and in controls in this location.
Heterogeneity of FCD.
Patients dying on ECMO (group 1) had significantly higher CoV of skin capillaries compared with patients in group 2 (p < 0.005), Fig. 3(a) . No difference was seen between the latter group and controls (p = 0.74).
Capillary flow patterns.
The mean flow-categorial velocity during the first measurements in the skin of the hand showed no difference between patients surviving ECMO, 2.67 (range 2.53-2.87)), and controls with 2.76 (range 2.65-2.88) (p = 0.17). The two patients that died on ECMO had mean flow velocities of 0.5 and 1.76, significantly lower than the patients surviving ECMO (p = 0.007). In one of these patients with pericapillary dark haloes (E2), erythrocyte movement in the capillaries was hardly detected in any of the film sequences, although the ECMO circuit gave an output of 4.5 liter/min.
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Fig. 3. Functional capillary density (in capillaries/mm
2 ) for three groups of ECMO patients and eight healthy controls (b) and coefficient of variation of functional capillary density for the same patients (a). For patients measured more than once, the first, second and follow-up measurements are given. The follow-up measurements were performed 18-65 days after the patient was successfully weaned off ECMO (n = 4).
All capillaries in healthy controls had flow patterns 2 or 3, Fig. 4 . Patients in group 2 had a similar flow-category distribution as the controls. In the two patients in group 1 where capillary flow assessments were performed (E2, E4); the capillaries had a broadened and a left-shifted spectrum. Flow category 0 (no flow) and 1 (sluggish flow) was hardly seen in patients surviving ECMO and never seen in controls.
E3 had a prolonged and complicated stay in the ICU with lung infections, sepsis episodes, and progressive renal failure after ECMO treatment. The patient died 51 days after ECMO was established due to multi organ failure. The patient's final microscopy assessments on day 44 showed that FCD was reduced with 30%, CoV was increased with 64% and the mean flow-categorial velocity was reduced to 1.75, a reduction of 34%, compared with the initial measurements. On one occasion the patient was examined during an episode with gram negative sepsis (day 24); at that time the FCD was markedly reduced to 49 capillaries/mm 2 (−29%), the CoV was 0.17 (−23%), and 22% of the skin capillaries had brisk flow (category 4). Capillaries in this flow category were not observed for any other patients at any time.
Laser Doppler perfusion measurements (LDPM)
The controls had a mean flux value of 48 Au (range The laser Doppler data sets for patients are incomplete. The patients that died on ECMO (E1 and E4) had lower flux values in both locations and on both measuring occasions than any of the surviving patients or controls (Table 3) , but the differences did not reach significance, probably due to small numbers and large variability.
The coefficient of variation for flux in the skin of the hand was significantly higher in the survivors as compare with the controls at the first measurement (p = 0.03), but not for the second and third measurement at the same locations (p = 0.17 and 0.74 respectively). On the medial side of the foot, coefficient of variation did not show significant changes between survivors and controls (p = 0.22, 0.44 and 0.82 respectively).
Discussion
The study was undertaken in a medium sized unit for heart surgery, with approximately 550 open heart operations a year. Both the incidence of patients in need of ECMO (0.6%) and survival of patients treated with ECMO (28%) are comparable with data from the literature [5, 19] . Except for white blood cell count no clinical parameters showed significant differences between the survivors and non-survivors. Significant changes were seen for all parameters of CAVM. Skin microvascular anatomy is complex with subpapillary capillaries mainly serving nutrition for epithelial proliferation and deeper vascular plexus mainly serve body temperature regulation. In adult skin, only the sub-papillary capillaries are seen in most locations with the microscopy equipment used in this study. The Laser Doppler techniques measure both superficial and the deeper plexus perfusion.
Observations made with computer assisted video microscopy (CAVM)
Functional capillary density and heterogeneity of capillary distribution
In 1920 the Danish physiologist August Krogh was awarded the Nobel Prize in Physiology or Medicine. One of his main achievements was the identification of the "Krogh cylinder", postulating that all cells need to be located within a critical radius of a perfused capillary to survive [21] . Cells outside this radius would experience insufficient oxygenation independent of the flow rate and erythrocyte oxygen saturation in the nearest capillary. An uneven distribution of perfused capillaries may give low oxygen tension to some cells in spite of normal SaO 2.
The patients that died on ECMO had reduced FCD and increased CoV of FCD compared with patients surviving ECMO and healthy controls. The patients surviving ECMO had stable FCD and CoV within the reference levels for the controls (Fig. 3) . The exception was patient E3, who had a complicated post ECMO course with several septic episodes. The last assessments, seven days before he died from multi organ failure, showed values comparable to the patients dying on ECMO see Fig. 3 .
In 1922 Freedlander used a microscope to show a decreased capillary density in skin in septic patients [12] . Later studies confirmed Freedlanders findings and demonstrated increased heterogeneity of FCD in different tissues and mammalian species with systemic diseases [6, 7, 9, 23, 28, 30, 31] . In patients with septic and cardiogenic shock a persistent severely reduced FCD for 24 hours in the sublingual area, is associated with increased mortality [6, 7] . Reduced FCD in the rectal mucosa is associated with poor prognosis in patients with severe malaria [9] .
Capillary flow-patterns
In the two patients in group 1, in whom capillary flow had been analysed, a significant number of capillaries with "no flow" or "sluggish flow" were seen. These categories were hardly seen in controls or survivors. Patients in group 2 had capillary flow pattern similar to the controls. An increased number of no-flow capillaries have been described in different diseases and a positive correlation between capillaries with no-flow and high mortality has been shown [6, 7, 9] . All capillaries in patient E2 had flow category 0 or 1, fifty per cent in each category. Interestingly the patient at that point had biochemical markers indicating disseminated intravascular coagulation (DIC).
Circular dark haloes
Dark haloes were found in two of the patients who died on ECMO (E2 and E4), with the halo edges 12 ± 1 microns from the capillaries. In E2 numerous haloes were present, prominently around capillaries with "no flow". E4 had fewer haloes, and they were also seen surrounding perfused capillaries. The cause of these haloes is uncertain, but one possibility is that they represent precipitated proteins or erythrocyte degradation products leaking from injured capillaries. Another possibility is that they are caused by pericapillary edema. Bollinger has described similar dark haloes in the lower extremity of patients with chronic venous insufficiency [3] .
Pericapillary bleedings
Bleeding capillaries have been described in patients with von Willebrand disease, in patients with critical lower limb ischemia, in patients with connective tissue disorders and in patients on anticoagulants [1, 10, 20, 22, 25] . We have reported pericapillary bleedings in the tongue of septic pigs four hours after injection of N. meningitides antigen [32] . Pericapillary bleedings was found in several skin locations of patient E1 (died on ECMO). This patient suffered from systemic lupus erythematosus. He had not been treated with anticoagulants. No macroscopic bleedings could be detected. Capillary erythrocyte leakage is the result of severe damage to the capillary wall and increased fluid leak and edema would be expected. Patient E1 gained 30 kilos body weight during the first 24 hours on ECMO, and gained another 12 kilos between the first and second measurement.
Laser Doppler perfusion measurements
The major part of skin perfusion takes place in the deeper thermoregulatory plexuses where perfusion is mainly regulated by sympathetic activity. Since perfusion in these plexuses mainly serve a thermoregulatory function, skin nutrition can not be assessed by the LDPM technique [28] . Even though the two patients that died on ECMO (E1 and E4) had the lowest perfusion values of all in both locations and measuring periods, no significant differences were demonstrated due to small numbers and large data variation.
Limitations
The number of included patients is small and represents a heterogeneous group with acute heart failure, while the reference data were collected from healthy young male students. Since capillary erythrocyte velocities in healthy subjects are not age dependent, we assume that our control group of young students can be used [18] .
Possible implications of the findings
In USA, 40% of the Medicare expenditures occurred in the last month of life and in-patient expenses accounted for over 70% of the decedents' total costs [27] . This indicates increased use of high-tech intensive care facilities when approaching the end of the patients' lives, without gaining much improvement of life expectancy. ECMO and other circulation assist devices are costly in use. Generally accepted criteria for selection of patients for such treatment are missing. Assist devices improve central hemodynamics, but often without improving life expectancy [11] . It is therefore a strong need for diagnostic techniques that can be used to select patients for expensive extracorporeal life support techniques, for estimation of prognosis early after establishing such treatment and to assess the effects of supportive treatment during the use of an assist device.
The idea that the microscopic examination of sublingual microcirculation may serve as a prognostic indicator of critically ill patients with sepsis or cardiogenic shock seems to be accepted [6] [7] [8] . In a study on 68 patients with cardiogenic shock, reduced sublingual functional capillary density was associated with development of organ failure [31] .
A case report on one patient on ECMO examined sublingually by a microscopic method (OPS) showed that capillary flow velocity varied with varying ECMO flow. The changes were most prominent in the smallest capillaries [17] . The small sublingual capillaries correspond to the size of the nutritive skin papillary capillaries examined in our study.
Our study indicates that techniques for bedside assessments of skin microcirculation can be developed to valuable clinical tools for improved handling of patients on assist devises.
Conclusion
Microvascular examinations of skin nutritive capillaries in patients on ECMO show major structural and functional pathology in patients dying on ECMO, while patients surviving ECMO have results similar to healthy controls. We believe the finding of intact skin microcirculatory morphology and function in survivors early after establishment of ECMO is a robust and clinically useful finding implying a good prognosis. Pericapillary bleedings or dark haloes, micro-thrombi/capillaries with "no flow", low capillary flow velocity and low functional capillary density are associated with poor prognosis.
